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The NOMAD experiment has been designed to search for ντ appearance in the CERN wide-band neutrino beam .
The detector is now completed and has been further improved. All subdetectors are working well. The experiment,
where the search for oscillation is based on kinematical criteria, will reach the sensitivity ∆m2 > 0.7 eV2 for
maximal mixing and ∆m2 > 50 eV2 for mixing angles sin2 2θ > 3.8 × 10−4 after 2 years of running, making
possible to explore a region of cosmological interest. Preliminary measurements are presented from the 1994 and
1995 data samples.
1. Introduction
The goal of the NOMAD experiment [1] are
neutrino oscillations νµ → ντ . The experiment
searches for the appearance of tau neutrinos ,ντ ,
in the CERN SPS wide band neutrino beam,
which consists mostly of muon neutrinos νµ . It is
therefore an appearance experiment. The search
is based on the detection of τ−production and
decay:
ντ +N → X + τ−
τ− → τ−decay mode
The natural contamination of ντ in the SPS
neutrino beam is negligible (≃ 10−7),therefore
τ−eventually observed could only result from
νµ → ντ or νe → ντ oscillations.
Neutrino oscillations can take place if the states
of the neutrinos produced in the weak interaction
processes are not stationary, but rather are super-
positions of stationary states of neutrinos having
different nonzero masses .
For massive ν , the flavour eigenstates νe ,νµ ,
ντ , can be expressed in terms of the mass eigen-
states ν1 , ν2 , ν3 , through an unitary mixing
matrix.
In the simplified hypothesis of a mixing be-
tween two neutrino families, the probability of
observing νµ → ντ oscillations at a distance L is
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given by
P = sin2 2θ sin2 1.27
∆m2(eV 2)L(km)
Eν(GeV )
(1)
where Eν is the neutrino energy in GeV ,θ the
mixing angle, ∆m2 =| m2
1
−m2
2
| the eigenstates
mass squared difference in eV2 and L is the dis-
tance in Km between the neutrino production and
observation.
After two years of running ,equivalent to an
integral of 2.4 × 1019 protons-on-target (pot), a
sample of about 1.5 million neutrino interactions
will be collected within NOMAD active target.
The analysis of these events will allow probing
neutrino oscillations in a wide region of the pa-
rameter space (sin2 2θ,∆m2), see Fig. 1, explor-
ing a mass region of cosmological interest :
mντ ≥ 0.8 eV for sin2 2θ = 1.
mντ ≥ 7.0 eV for sin2 2θ ≥ 3.8× 10−4.
In fact if tau neutrinos have a mass in the re-
gion of 10 eV, they are suitable candidates for
hot dark matter .
While the existence of the tau neutrino in this
mass region was already investigated by previous
experiments (see for example Refs[5,6,7,8]), NO-
MAD improves the most stringent limit given by
the E531 exp. [5] by one order of magnitude.
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Figure 1. Existing limits in the neutrino oscil-
lation parameter space[5,6,7,8] compared to the
one achievable by on-going experiments[1,4] after
two years of running.
2. The neutrino beam
The CERN SPS neutrino Wide Band Beam
(WBB) is produced using 450 GeV protons hit-
ting a Be target with a cycle of 14.4 s. The in-
tensity delivered is about 2 × 1013 protons per
cycle.
The NOMAD detector is located downstream
the target at about 820 m . The relative abun-
dances of the different species of neutrinos and
their average energies are listed in Table 1.
The sensitivity of the experiment is calculated
for an integrated intensity of 2.4×1019 pot which
corresponds to about: 1.1 × 106 νµ CC events,
Table 1
CERN WBB averaged neutrino energies
Neutrino < Eν > (GeV ) r.a.
νµ 26.9 1.0
ν¯µ 21.7 0.06
νe 47.9 0.007
ν¯e 35.3 0.002
3.7 × 105 νµ NC events and 1.3 × 104 νe CC
events in the fiducial target of the NOMAD de-
tector (mass = 2.7 tons, area = 2.6× 2.6 m2).
3. Neutrino tau search
NOMAD aims at identifying τ−production and
decay using suitable kinematical selection crite-
ria such as missing PT , angular correlations etc.
To do so, very good energy, momentum and an-
gular resolution are needed. The τ−is detected
through a large variety of its decay modes listed
in Table 2. As an example of the kinematical
analysis the electronic decay of τ−will be consid-
ered. The background to this channel is caused by
νe charged current events which constitute ≈ 1%
of the total number of neutrino interactions.
Table 2
Summary of detection channels
τ− decay mode Br (%)
e−νeντ 18.0
µ−νµντ 17.6
pi−ντ 11.7
ρ−(2pi)ντ 25.2
a−
1
(3pi)ντ + npi
0 14.4
Total 86.9
For each event the sum of the momenta trans-
verse to the beam direction ,PT , for all seen par-
ticles is calculated and a resulting missing PT
vector (PmT ) is reconstructed. The angles φeh
between the electron momentum and the mo-
mentum of hadrons and φmh between P
m
T and
the hadron vector are defined in the plane per-
pendicular to the beam direction as shown in
Fig. 2 (a,b). In the case of νe CC background
simulations show that the angle φeh is sharply
peaked at pi (Fig. 2 (c)). On the contrary for ντ
interactions, the τ− lepton balances the hadrons,
while the electron from τ−decay acquires a finite
PT relative to the τ
− direction and will not be
back–to–back with the hadron vector (Fig. 2 (d)).
So while the PmT in the genuine ντ interactions is
due to the missing of the two νe and νττ
−decay
neutrinos and therefore is along the τ−direction
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with a peak near pi (Fig. 2 (f)), PmT in the νe CC
events is expected to arise either from missed neu-
tral particles, such as neutrons and K0L, which
contribute to an enhancement in φmh near 0,
or from mismeasurements which will give a flat
contribution to φmh (Fig. 2 (e)). It is than ex-
Figure 2. Kinematic variables used in the oscil-
lation search for a) νe CC b) ντ CC; τ → e in
the plane orthogonal to the incident ν. MC dis-
tribution of φeh for c) background d) signal. MC
distribution of φmh for e) background f) signal.
See text for the definition of angles.
pected that the φeh and φmh distributions are
quite different for the signal (ντCC) and the
background (νe CC) events. Similar distributions
are used in the muonic and hadronic decay chan-
nels of the τ− to select the signal. A two di-
mensional cut in the plane (φeh, φmh) is then de-
fined and the contamination from all background
sources, e− background coming from νe CC and
e− background coming from the hadronic jet in
νµ NC,remaining after all selection cuts is mini-
mized. It was evaluated that for an efficiency for
the signal of 13.5% one expects 4.6 background
events in total. It is important to stress that
most of the backgrounds can be studied in the
data themselves rather than having to be esti-
mated from Monte Carlo. The e− background
coming from the hadronic jet in νµ NC can be
studied using νµ CC events and ignoring the µ .
The background coming from νe CC can be stud-
ied replacing the µ in νµ CC events with a sim-
ulated e−.
4. Detector performance
The NOMAD detector measures and identifies
the electrons, muons, photons and hadrons pro-
duced in neutrino interactions. A reconstructed
charged current candidate (1995 run) is shown
in fig. 3. A detailed description of the detector
Figure 3. A reconstructed charged current candi-
date (1995 run)
is given elsewhere[2]. The active target consists
of drift chambers (DC) with low average den-
sity (≈ 0.1 g/cm3). The measured single hit
resolution is 180 µm. These DC are located in
a magnetic field of 0.4 T which allows the de-
termination of the momenta of charged particles
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with little degradation due to multiple scatter-
ing, given the low Z of the chamber material:
σp/p ≈ 5%/
√
L ⊕ 0.8%p/
√
L5 (L in m, p in
GeV/c). The active target is followed by a tran-
sition radiation detector (TRD) to tag electrons,
a preshower (PS) detector, an electromagnetic
calorimeter (ECAL,σ(E)/E ≈ 4%/
√
E/GeV for
electrons) a muon absorber and muon chambers.
In the 1994 run all these detectors were func-
tional, but only two out of eleven drift cham-
ber target modules were installed behind a pro-
visional nonactive target. More drift chambers
were installed gradually for the 1995 run, and
the detector was completed in August 1995 . In
the beginning of 1995 a hadronic calorimeter[3]
(HCAL,σ(E)/E ≈ 120%/
√
E/GeV ) was in-
stalled downstream of the ECAL and a front
calorimeter was implemented upstream of the ac-
tive target.
5. Particle identification
Several detectors contribute to electron iden-
tification. The TRD achieves a pion rejection of
10−3 whith an electron efficiency > 90% for p > 2
GeV/c as measured in test beams. Consistency
of the momentum measured in the drift cham-
bers with the energy and shower shape measured
by the ECAL/PS system yields an additional re-
jection factor ≥ 100.
Fig. 4 shows the evolution of this consistency
variable after successive cuts. We interpret the
peak near zero as electrons originating from pho-
ton conversions and νeCC interactions.
The low density NOMAD target ( about 1.3X0
in total) allows the detection of photons and pi0
in the ECAL/PS system with a good spatial and
energy resolution . Gamma candidates were se-
lected with the following criteria: i) energy larger
than 200 MeV; ii) no DC tracks pointing to the
cluster (within 15 cm); iii) a pre-shower signal
higher than 4 mip and matched to the cluster
closer than 6 cm ; iv) less than 4 gamma can-
didates per event; v) reconstructed vertex inside
the fiducial volume.
A clear pi0 peak is observed in the measured
two photon invariant mass distribution (Fig. 5)
from a sample of 1995 data.
Figure 4. The distribution of (E − p)/(E + p)
for a) all drift chamber tracks which point to a
cluster in ECAL with energy greater than 0.75
GeV; b) same with cut on the preshower energy;
c) same with TRD pulse height cut; d) same with
cut on the size of the ECAL cluster.
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Figure 5. Two photon invariant mass distribution
in NOMAD ECAL/PS system.
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Charged hadrons appear as tracks in the drift
chambers which are neither identified as a muon
nor as an electron. The measured hadron mo-
mentum and multiplicity distributions agree rea-
sonably well with Monte Carlo predictions.
Muons are identified by drift chamber tracks
matching the corresponding tracks in the muon
chambers. As expected, the measured muon
momentum spectrum is dominated by negative
muons from charged current neutrino interactions
(Fig. 6). The contribution of positive muons
is the one expected according to the beam con-
tamination. The distribution in momentum is in
agreement with the MC prediction based on the
ν flux energy distribution.
Figure 6. Momentum distribution for both nega-
tive and positive muons originating from the in-
active target (1994 data). The measured data
points are compared to the Monte Carlo predic-
tion (dashed line).
6. Conclusion
The NOMAD detector is working well. The ac-
tive target was fully completed in August 1995.
Electrons and muons have been identified and
distinguished from charged hadrons. pi0’s have
also been identified. NOMAD will continue tak-
ing data until the end of 1997 to search for
νµ → ντ oscillations.
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